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Viruses are the main cause of respiratory tract infections. Metagenomic next-generation 24 sequencing (mNGS) enables the unbiased detection of all potential pathogens in a clinical 25 sample, including variants and even unknown pathogens. To apply mNGS in viral 26 diagnostics, there is a need for sensitive and simultaneous detection of RNA and DNA 27 viruses. In this study, the performance of an in-house mNGS protocol for routine diagnostics 28 of viral respiratory infections, with single tube DNA and RNA sample-pre-treatment and 29 potential for automated pan-pathogen detection was studied. 30 31
Materials and Methods 32
The sequencing protocol and bioinformatics analysis was designed and optimized including 33 method used was an updated version of the assay previously described by Loens et al [17] . 118
The sample types represented the routine diagnostic samples from paediatric patients sent to 119 our laboratory: predominantly nasopharyngeal washings (n=17), sputum (n=2) and broncho-120 alveolar lavages (BAL, n=2). The patient selection (age range 1.2 months -15 years) 121
represented the paediatric population with respiratory diagnostics in our university hospital in 122 terms of (underlying) illness. 123 124
Sample pre-treatment 125
A sample pre-treatment protocol was designed with 1) potential for automation, 2) potential 126 (PhHV1, kindly provided by prof. dr. H.G.M. Niesters, the Netherlands) as internal controls 135 for RNA and DNA virus detection respectively. To determine the optimal concentration of 136 the internal controls a dilution series was added to a mix of two pooled influenza A positive 137 throat swabs (Cq 25) (PhHV1/EAV 1:100,000 1:10,000 1:1,000 1:100). Concentration was 138 based on the number of mNGS reads (Centrifuge output as well as BLAST) in order to serve 139 as control [19] . To determine the amount of reads needed, results of 1 and 10 million reads were compared. 1 210 million reads were randomly selected of the 10 million reads of one FASTQ file and 211 analysed. 
Internal controls 257
Serial dilutions of EAV and PhHV1 were added to an influenza A PCR positive sample. 258
Serial dilution 1:10,000 detected EAV with a substantial read count in the presence of a viral 259 infection and without a significant decline in target virus family reads (Table 1) . Based on 260 these results we determined the concentration of internal controls for further experiments. 261
The EAV Cq value of the dilutions correlated with the number of EAV reads from both 262 BLAST alignment and the Centrifuge analysis (Figure 1) . 263
Since the NCBI database was lacking a complete PhHV1 genome sequence, PhHV1 was 264 sequenced and based on the gained sequence reads the genome was build using SPAdes [31] . 265
The proposed almost complete genome of PhHV1 was added to the NCBI genbank database 266 with respiratory complaints. The specificity could be increased by using the NCBI RefSeq 297 database instead of the nucleotide database. The classification was further improved by 298 changing the Centrifuge tool settings to limit the assignment of homologous reads to the 299 lowest common ancestor (maximum 1 label per sequence). Classification with maximum 5 300 labels per read resulted in two different outcomes using the report with all mappings and thereport with unique mappings, with the latter missing the reads assigned to multiple 302 organisms. 303
Comparison of classification using these different settings shows the highest sensitivity and 304 specificity using the RefSeq database with one label (lowest common ancestor) assignment, 305 both with in silico prepared datasets containing solely EAV sequence fragments ( Figure 5 ) 306 and with clinical datasets (with highly abundant background) (Figure 6 ). 307
To determine the effect of the total number of sequencing reads obtained per sample on 308 sensitivity, one million and 10 million reads were compared by means of in silico analysis 309 (Table 2) . 310
311

Retrospective validation 312
Clinical sensitivity based on PCR target pathogens 313
The sample collection consisted of 21 clinical specimens positive for at least one of the 314 following PCR target viruses: rhinovirus, influenza A&B, parainfluenza 1 &4 (PIV), 315 metapneumovirus, respiratory syncytial virus, coronaviruses NL63 and HKU1 (CoV), human 316 bocavirus (hBoV), and adenovirus (ADV). Fourteen samples were positive for one virus, six 317 samples for two and one sample for three viruses with the lab-developed respiratory 318 multiplex qPCR. Cq values ranged from Cq 17 to Cq 35, with a median of 23. 319
With mNGS 25 of the 29 viruses demonstrated in routine diagnostics were detected (Table  320 3), resulting in a sensitivity of 86% for PCR targets. If a cut-off of 15 reads was handled, 321 sensitivity declined to 67% (Table 4) . 322 mNGS target read count showed a correlation with the Cq values of the qPCR (Figure 7) . 323
324
Next to the viral pathogens tested by PCR, mNGS also detected other pathogenic viruses, 327
indicating additional viral sequences uncovered by mNGS but not included in the routine 328 diagnostics, with influenza C virus being the most prominent. A high amount,4800 reads, of 329 influenza virus C reads (C/Ann Arbor/1/50) (88% of all viral reads and 0.02 of the root reads) 330 was found in one sample. Other potential respiratory pathogens detected by mNGS and not 331 included in PCR analysis were KI polyomavirus (2 samples: 159 and 30 reads respectively), 332 cytomegalovirus (human betaherpesvirus 5) (1704 and 132 reads). All of these viruses are 333 not included routinely in the diagnostic multiplex qPCRs. 334
335
Internal controls 336
The spiked-in internal controls were detected by mNGS in all samples. EAV sequence reads 337 ranged from 18-34660 (median 538) and herpesviridae reads as indicator of PhHV1 ranged 338 The addition of an internal control to a PCR reaction is widely used as an quality control of a 376 qPCR [38] . While the addition of internal controls in mNGS is not yet an accepted standard 377 procedure, we employed EAV and PhHV1 as an RNA and DNA controls, respectively, as for 378 diagnostic application such precautions are required. The amount of internal control reads 379 and target virus reads have been reported to be dependent of the amount of background reads 380 (negative correlation) [39] . In our protocol, the internal controls were used as qualitative 381 controls but may be used as indicator of the amount of background. Since the NCBI database 382 was lacking a complete PhHV1 genome, the Centrifuge index building and classification was 383 limited to classification on a higher taxonomic rank. In order to achieve classification of 384 values, e.g. by primer mismatch for highly divergent viruses like rhino/enteroviruses and 2) 395 differences in sensitivity of mNGS for several groups of viruses, as has been reported by 396 others [42] . Additionally, several viral pathogens were detected that were not targeted by the 397 routine PCR assays, including influenza C virus, which is typical of the unbiased nature of 398 the method. In addition, though not within the scope of this study, bacterial pathogens, 399
including Bordetella pertussis (qPCR positive), were also detected. In the current study only 400 viruses were targeted since these could be well compared to qPCR results, bacterial targets 401 remain to be studied in clinical sample types more suitable for bacterial detection than 402 nasopharyngeal washings. The analytical specificity of mNGS appeared to be high, especially 403 with a cut-off of 15 reads. However, the clinical specificity, the relevance of the lower read 404 numbers, still needs further investigation in clinical studies. 405 Sequencing using Illumina HiSeq 4000 chemistry resulted in frequent false positive 406 rhinovirus reads in numerous samples. This problem could be attributed to 'index hopping' 407 (index miss-assignment) as earlier described [34] . Although the percentage of reads which 408 contributed to the index hopping was very low, this is critical for clinical viral diagnostics, as 409 this is aimed specifically at low abundancy targets [34, 40] . 410
Bioinformatics classification of metagenomic sequence data with the pipeline Centrifuge 411 required identification of the optimal parameters in order to minimize miss-and unclassified 412 reads. Default settings of this pipeline resulted in higher rates of both false positive and false 413 negative results. The nucleotide database includes a wide variety of unannotated viral 414 sequences, such as partial sequences and (chimeric) constructs, in contrast to the curated and 415 well-annotated sequences in the NCBI Refseq database, which resulted in a higher 416 specificity. In addition to the database, settings for the assignment algorithm were adapted as 417 well. The assignment settings were adjusted to unique assignment in the case of homology to 418 the lowest common ancestor. This modification resulted in higher sensitivity and specificity 419 than the default settings, however the ability to further subtyping diminished. This is likely to 420 be attributed to the limited representation/availability of strain types within the RefSeq 421 database. In consequence, this leads to a more accurate estimation of the common ancestor 422 for particular viruses, but limited typing results in case of highly variable ones. To obtain 423 optimal typing results, additional annotated sequences may be added or a new database 424 should be build, with a high variety of well-defined and frequently updated virus strain types. 425
To conclude, this study contributes to the increasing evidence that metagenomic NGS can 
